The behaviour of N-hexadecanoylsphingosine (Cer16), N-hexanoylsphingosine (Cer6) and N-acetylsphingosine (Cer2) in aqueous media and in lipid-water systems, monolayers and bilayers has been comparatively examined using Langmuir balance and fluorescence techniques. Cer16 behaves as an insoluble non-swelling amphiphile, not partitioning into the air-water interface, thus not modifying the surface pressure of the aqueous solutions into which it is included. By contrast both Cer6 and Cer2 behave as soluble amphiphiles, up to approx. 100 AM. At low concentrations, they become oriented at the air-water interface, increasing surface pressure in a dose-dependent way up to ca. 5 AM bulk concentration. At higher concentrations, the excess ceramide forms micelles, critical micellar concentrations of both Cer6 and Cer2 being in the 5-6 AM range. When the air-water interface is occupied by a phospholipid, Cer2 and Cer6 become inserted in the phospholipid monolayer, causing a further increase in surface pressure. This increase is dose dependent, and reaches a plateau at ca. 2 AM ceramide bulk concentration. Both Cer2 and Cer6 become inserted in phospholipid monolayers with initial surface pressures of up to 43 and 46 mN m À1 , respectively, which ensures their capacity to become inserted into cell membranes whose monolayers are estimated to support a surface pressure of about 30 mN m À1 . Both Cer2 and Cer6, but not Cer16, had detergent-like properties, such as giving rise to phospholipidceramide mixed micelles, when added to phospholipid monolayers or bilayers. The short-chain ceramides form large aggregates and precipitate at concentrations above approx. 100 AM. These results are relevant in cell physiology studies in which short-and long-chain ceramides are sometimes used as equivalent molecules, in spite of their different biophysical behaviour. D
Introduction
The discovery of the sphingolipid signalling pathway of cell metabolism [1, 2] has increased the interest of biophysicists in the properties of ceramides, or N-acyl sphingosines, in membranes (for reviews, [3] [4] [5] ). Ceramides have been found in nature with N-fatty acyl chains containing from 2 to 28 carbon atoms. Those with C16 to C24 fatty acids are most common, although ceramides containing C2 to C6 fatty acids are frequently used in experimentation. Extensive biophysical work has been performed with the long-N-acyl chain ceramides, while the properties of the bshort-chain ceramidesQ (i.e. short-Nacyl chain ceramides) have been comparatively less studied [6, 7] .
Long-N-acyl chain ceramides are highly hydrophobic and essentially insoluble and non-dispersible in water. In phospholipid bilayers, one outstanding property of longchain ceramides is their strong tendency to separate laterally in the plane of the membrane giving rise to distinct ceramide-rich and phospholipid-rich domains [8] [9] [10] [11] [12] [13] [14] . The property of lateral phase separation appears to be at the origin of the conversion of the sphingolipid, cholesterol-rich Abbreviations: ANS, 1-anilinonaphthalene-8-sulfonic acid; Cer2, Nacetylsphingosine; Cer6, N-hexanoylsphingosine; Cer16, N-hexadecanoylsphingosine; cmc, critical micellar concentration; DEPE, dielaidoylphosphatidylethanolamine; DMSO, dimethylsulfoxide; MLV, multilamellar vesicles; NBD-SM, 6-((N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl)amino)hexanoyl)sphingosylphosphocholine; PC, phosphatidylcholine; Rh-PE, N-(lissamine rhodamine B sulfonyl) phosphatidylethanolaminetransient microdomains known as braftsQ into large-scale, long-lived platforms involved in signal transduction, by effect of sphingomyelinase activity (for reviews, [4, 15] ). The same property of long-chain ceramides may be at the origin of the recently described displacement of cholesterol from ordered lipid domains by ceramide [16] . Short-N-acyl chain ceramides in turn can be easily dispersed in water, and they do not give rise to in-plane phase separation [7] . Simon and Gear [6] demonstrated that N-acetylsphingosine (Cer2) caused platelet fenestration and ultimately platelet lysis, in a detergent-like manner.
In view of the above data, we have undertaken a study of the surface-active and self-association properties of ceramides in aqueous media, with the aim of providing a molecular understanding of the current observations. Both long-chain (N-palmitoylsphingosine, Cer16) and shortchain (N-acetylsphingosine, Cer2; N-hexanoylsphingosine, Cer6) ceramides have been used. The surface-active properties of ceramides have also been explored. Self-association in aqueous environments has been tested through the ceramide ability to form micelles. Our studies show that long-chain ceramides belong in the category of binsoluble non-swelling amphiphilesQ in the classification of Small [17] , implying that they cannot give rise to micelles or other hydrated aggregates in water suspension, while short-chain ceramides, at least at concentrations below 100 AM, behave as bsoluble amphiphilesQ in the same classification, i.e. bdetergentsQ as defined by Helenius and Simons [18] , giving rise to micelles in water and solubilizing phospholipid monolayers and bilayers.
Materials and methods
Egg PC, DEPE, Cer16, Cer6 and Cer2 were supplied by Avanti Polar Lipids (Alabaster, AL). ANS, NBD-SM, and Rh-PE were from Molecular Probes (Alabaster, AL). All lipids were N98% pure as supplied and were used without further purification. All other reagents were of analytical grade.
The study of the surface properties of monomolecular lipid layers at the air-water interface was carried out using a ATrough-S equipment (Kibron, Helsinki, Finland) at 25 8C under constant stirring and constant monolayer area of 3.14 cm 2 . The aqueous subphase consisted of 1 ml 20 mM PIPES, 150 mM NaCl, 1 mM EDTA, pH 7.4. Phospholipids dissolved in chloroform:methanol (2:1,v/v) were gently spread over the surface until the desired initial surface pressure was attained. The ceramides (in less than 50 Al DMSO) were either deposited on top of the aqueous phase or injected into the subphase with a Hamilton microsyringe through a hole connected to the subphase. The solubilization of Rh-PE monolayers by ceramides was assayed by measuring rhodamine fluorescence emission (excitation at 530 nm, emission at 590 nm) of the subphase in a SLMAminco 8100 spectrofluorimeter.
The critical micellar concentrations (cmc) of the ceramides were measured [19] as an increase in 5 AM ANS fluorescence emission (excitation at 390 nm and emission at 550 nm) in 20 mM PIPES, 150 mM NaCl, 1 mM EDTA, pH 7.4, at room temperature (21 F1 8C). Fluorescence measurements were carried out in a SLM-AMINCO 8100 spectrofluorometer.
For liposome preparation, lipids were dissolved in cloroform:methanol (2:1,v/v), and the solvent evaporated exhaustively. Multilamellar vesicles (MLV) were prepared by hydrating the dry lipids in buffer, with vortex shaking. Lipids were hydrated in 20 mM PIPES, 150 mM NaCl, 1 mM EDTA, pH7.4. Final concentration was measured as lipid phosphorus. Liposome suspensions were mixed with the appropriate ceramide suspensions in DMSO. The final liposome concentration was 100 AM in phospholipid. The mixtures were left to equilibrate for 24 h at room temperature. The suspension light scattering was measured in a SLM-AMINCO 8100 spectrofluorometer at room temperature, with excitation and emission wavelengths set at 520 nm. The solubilization of DEPE or egg PC liposomes by ceramides was measured as follows: 1 ml MLV (100 AM) were treated with 5 Al of the appropriate ceramide in DMSO, with stirring. The suspensions were left to equilibrate for 24 h, after which the mixtures were centrifuged in an Eppendorf centrifuge at 14,500 rpm, 4 8C, 20 min. The clear supernatant was considered to contain the solubilized fraction, that was quantified by determining lipid phosphorous.
When required, the experimental data were fitted to either hyperbolic or sigmoidal curves using the Sigmaplot software.
Results

Ceramide-water systems
The surface-active properties of the ceramides were first tested in a Langmuir balance. Ceramides (in DMSO solution) were either deposited on top of the interface or injected into the subphase, and the change in surface pressure (p) was recorded. DMSO alone did not cause any significant change in p. The representative curves of ceramide effects are shown in Fig. 1 . For Cer16 (Fig. 1A) , the addition on top of the buffer surface causes an immediate increase in p, that remains afterwards constant. This constant value is operationally defined as an equilibrium value in this context. The injection of Cer16 into the subphase does not cause any change in p. A different situation is found for Cer2 (Fig. 1B) . Whatever the mode of dispensation, this ceramide partitions between the subphase and the interface, and the same operational equilibrium value of p (ca. 6 mN m À1 for a 1 AM bulk concentration of Cer2) is measured. When different concentrations of Cer2 or Cer6 are injected into the subphase, a dose-dependent increase in p is observed (Fig.  2) . Equilibrium is reached only after 1-2 h, with Cer6 taking longer than Cer2. At ceramide concentrations above 5 AM, a maximum surface pressure is achieved shortly after injection, then p values decrease slowly to their equilibrium values. This represents probably a fast ceramide partitioning to the interface, followed by a slow dispersion in the bulk water (see below). Thus, it appears as if Cer16 is not present at the surface compared to Cer2 and Cer6 which induce a much larger change of surface pressure at lower bulk concentrations. However, this may not be quantitatively exact considering that Cer16 forms a very condensed film [13] while films of Cer2 and Cer6 should be liquid expanded and have a much larger crosssectional mean molecular area than Cer16 does. This means that, compared to Cer16, a smaller number of molecules of Cer2 and Cer6 should lead to a larger change of surface pressure by adsorption onto a same surface area.
The dose-dependent character of the surface pressure increase due to short-chain ceramide partitioning into the air-water interface is seen in more detail in Fig. 3 . This figure shows also that the interface becomes saturated at ca. 5 AM ceramide, and this explains the biphasic curves shown in Fig. 2 for 10 AM Cer2 and Cer6. Once the interface becomes saturated, ceramide molecules start dispersing in the bulk of the solvent, as will be shown below. Cer6 reaches a plateau at a surface pressure ca. 5 mN m À1 higher than Cer2. Cer16 does not cause any change in surface pressure when injected into the subphase in the range of concentrations under study. Ceramideinduced increases in surface pressure indicate that the surface becomes stabilized by the spontaneous adsorption of these molecules. However, the observed differences in Dp caused by the various ceramides do not necessarily refer to the actual number of molecules present at the interface since other factors, e.g. surface electrostatics, may contribute to the observed effects.
The dispersion of short-chain ceramides in aqueous media was studied by examining micelle formation. For soluble amphiphiles, micelles form above a certain concentration (or rather a concentration range), commonly called the bcritical micellar concentrationQ (cmc). A convenient method to observe micellization relies on the fluorescence emission properties of ANS. This molecule has a low fluorescence emission in aqueous environments, but its fluorescence increases markedly, and is shifted to lower wavelengths, when transferred to a less polar environment, such as the micelle core. Thus, by measuring ANS fluorescence emission at increasing ceramide concentrations, the formation of ceramide micelles is observed as an abrupt increase in fluorescence, at the cmc. This is shown in Fig. 4 . Panel A depicts the cmc measurements for Cer2 and Cer6. In both cases, the increase in fluorescence shows a discontinuity at 5-6 AM, signalling a cmc in agreement with the surface pressure data in Figs. 2 and 3. Fig. 4B , whose ordinate scale is one order of magnitude larger than that of Fig. 4A , shows for both ceramides a second departure from linearity at ca. 100 AM. The validity of our analysis describing two discontinuities in the bfluorescence vs. log [Cer]Q plots was checked by computing the r 2 correlation coefficients of the four regression lines shown in Fig. 4A and the four regression lines shown in Fig. 4B . In all eight cases, r 2 z 0.94. However, when the data in Fig. 4A were fitted to a single straight lines, i.e. assuming no discontinuities, r 2 V 0.83. The data in Fig. 4B , when fitted to single straight lines, gave r 2 V 0.57. We concluded that the experimental data were best interpreted in terms of three straight lines, with discontinuities at ca. 5-6 AM and 100 AM, as indicated by the arrows. Above 100 AM, ceramide aggregation proceeds steadily, as seen from the increase in light scattering by the ceramide dispersions (Fig. 4C) . In the 100-1000 AM region of Cer2 and Cer6 concentrations large aggregates are formed that give rise to visible precipitates in the test tube: Above c100 AM the ceramides start coming out of solution. In summary, (i) at concentrations up to 5-6 AM, Cer2 and Cer6 exist in the form of monomers, (ii) above c 5 AM, monomer concentration stays constant, with micelle concentration increasing up to c 100 AM, and (iii) above c 100 AM, monomer and micelle concentrations remain constant, the excess ceramide precipitating out of the solution. 
Ceramide-phospholipid-water systems
Soluble amphiphiles such as Cer2 and Cer6 should be considered as bdetergentsQ, according to Helenius and Simons [18] . Detergents are able to insert into, and interact with, phospholipid monolayers/bilayers giving rise to detergent-phospholipid mixed micelles. The insertion of the bsolubleQ Cer2 and Cer6 into phospholipid monolayers was tested using the Langmuir balance, with preformed DEPE monolayers at the air-water interface, and ceramides injected into the water phase. DEPE was chosen as a phospholipid in order to compare our present results with previous [12] and ongoing studies on DEPE-Cer16 mixtures using differential scanning calorimetry. DEPE in excess water exists in the lamellar phase within a wide range of pH and temperatures [20, 21] , thus it can be considered as representative of most biomembrane phospholipids. Ceramide insertion into a DEPE monolayer at 20 mN m À1 increases lateral pressure in a dose-dependent form, as indicated in Fig. 5 . The p vs. ceramide concentration curves reach a plateau at ca. 2 AM ceramide. At variance with the ceramide-water system, Cer2 increases p to a larger extent (by ca. 3 mN m À1 ) than Cer6 does. An additional, perhaps related, difference is that the p vs. Cer2 experimental data fit a sigmoidal curve better than the p vs. Cer6 data does. The insertion of Cer2 into egg PC monolayers caused very similar changes in p (data not shown).
Ceramide insertion-dependent increases in lateral pressure depend strongly on the initial p value. The maximum (plateau) values of surface pressure increase (Dp) after Cer2 and Cer6 insertion are plotted as a function of initial p in Fig. 6 . The data can be fitted to straight lines, whose extrapolation to Dp = 0 gives an idea of the maximum monolayer surface pressure that allows ceramide insertion into monolayers. Both Cer2 and Cer6 may become inserted into monolayers at initial p above 40 mN m À1 . Considering that cell membranes are believed to support a lateral pressure p c 30 mN m À1 [22] , the data in Fig. 6 would suggest that both Cer2 and Cer6 can insert easily into cell membranes, in agreement with their widespread use in cell biology research. Note in addition that, due to the available thermal energy and depending on the in-plane elasticity of the interface, fluctuations of 10 mN m À1 can occur about the average value, and this can probably make easier for many molecules to become inserted in membranes.
The fact that Dp subsequent to ceramide insertion soon reaches a plateau (Fig. 5) , together with the well-known properties of other soluble amphiphiles [18] , suggests that short-chain ceramides, above a given concentration, start solubilizing the DEPE monolayers, giving rise to DEPE:-ceramide mixed micelles. This hypothesis was tested using a fluorescent derivative of phosphatidylethanolamine, namely Rh-PE. Preliminary experiments showed that Rh-PE mono- layers behaved just as DEPE monolayers with respect to the p increase in the presence of ceramides (data not shown). Rh-PE monolayers were formed at an initial p = 20 mN m
À1
and ceramides were injected into the subphase at 10 AM and 50 AM bulk concentrations. After allowing for equilibration, aliquots of the subphase were withdrawn and rhodamine fluorescence assayed. As shown in Fig. 7 , short-chain ceramides, Cer2 in particular, brought about the solubilization of Rh-PE, while Cer16 was inactive in this respect. The presence of Rh-PE fluorescence in the aqueous phase was accompanied by a decrease in surface pressure. Essentially, similar results were obtained when NBD-SM, a fluorescent sphingomyelin derivative that contains the fluorophore in the acyl chain, was used instead of Rh-PE, that is labelled in the headgroup (data not shown), indicating that the fluorescent moiety was not causing substantial changes in the phospholipid surface behaviour. The ability of Cer2 and Cer6 to solubilize phospholipid bilayers was tested next. For this purpose, MLV composed of DEPE were prepared and mixed with increasing concentrations of ceramide. Final phospholipid concentration was 100 AM, ceramide concentration ranged from 0 to 500 AM. After 24 h incubation at room temperature, the suspensions were centrifuged (see Materials and methods) and lipid phosphorous assayed in the supernatants. The proportion of solubilized P had a maximum at 12% for Cer2, and was even lower for Cer6 (data not shown). The low solubilization was attributed to the fact that, at room temperature, both DEPE and the ceramides are in the gel state. Thus, the solubilization assays were repeated with MLV composed of egg PC. This phospholipid is totally fluid at room temperature, and may be more appropriate to represent the physical state of cell membranes when they are treated with ceramides. The results of the solubilization assays with egg PC are shown in Fig. 8 . Dose-dependent solubilization is observed, and again Cer2 data appear to fit more appropriately a sigmoid curve (see Fig. 5 ). However, complete solubilization of egg PC MLV is not observed even with a 5-fold excess ceramide (data not shown), suggesting a limited tendency of Cer2 and Cer6 to form mixed micelles with the phospholipid.
Discussion
Ceramides as amphiphiles
Ceramides should be considered as amphiphiles, because their molecule contains both lipophilic and hydrophilic moieties. Of the former, fatty acyl chain length may vary considerably, acyl chains with 2 to 28 carbon atoms having been found in nature [3, 23, 24] . In his useful classification of amphiphiles, Small [17] distinguished between non-swelling, swelling and soluble amphiphiles. According to the results in this paper (Figs. 1, 3, and 7) , ceramides containing an N-fatty acyl residue of at least C16 (blong-chain ceramidesQ) should be classified as insoluble non-swelling amphiphiles. This group of substances, of which diglycerides and triglycerides are common examples, can orient themselves at the air-water interface, but hardly partition into it, i.e. water surface tension is virtually unchanged when they are introduced in the bulk of the solvent [25, 26] . This explains, e.g. that C16 ceramide is virtually unable to exchange between membranes, at least without the aid of an exchange protein [27] . In contrast, our results with two bshort-chain ceramidesQ, Cer2 and Cer6, in agreement with some previous observations, reveal a very different behaviour, because they can be easily dispersed in water, up to c 100 AM, giving rise to optically clear or slightly opalescent dispersions. Thus short-chain ceramides could be classified as bsoluble amphiphilesQ, together with biomolecules such as lysophospholipids or fatty acylcarnitines, and with the commonly called detergents. The property of easy water dispersion has earned the shortchain ceramides a role in cell physiology experimentation, as putative analogues of their more common long-chain counterparts [3, 28, 29] .
The interpretation of monolayer studies
A number of precautions should be taken when interpreting the results involving surface tension measurements. In particular, the change in surface tension as a result of ceramide addition cannot be considered a direct measurement of the number of ceramide molecules in the interface. This is because of the complex thermodynamics involved in the surface equilibrium regarding interfacial adsorption from bulk solution. According to the Gibbs adsorption equation isotherm, a given decrease or increase in surface tension can be accounted for by changes of the surface concentration of molecules, by changes of the surface chemical potential (which includes interactions and surface electrostatics) and/ or by both [22, 30, 31] .
Short-chain ceramides as detergents
Previous studies by Simon and Gear [6] and by Di Paola et al. [32] described the properties of short-chain ceramides that were not shared by long-chain ceramides, in particular the ability of the former to perturb cell membranes. The results in this paper (Figs. 2, 3 , and 4) show that both Cer2 and Cer6 behave as typical soluble amphiphiles, with cmc in the 5 AM range. In comparison, the micellization of lysophosphatidylcholine occurs in the 40-50 AM range, and the corresponding cmc values for palmitoylcarnitine and for Triton X-100 are respectively of ca. 10 AM and 370 AM, these values being rather sensitive to temperature, ionic strength, etc. [33] .
Short-chain ceramides are also able to solubilize phospholipids both in the form of monolayers (Figs. 5 and 7 ) and of bilayers (Fig. 8) . Bringing the monolayer lateral tension beyond a certain point is probably a pre-requisite for micelle formation to occur [18, 34] . The concentration range of the phenomena described in Figs. 5 and 8 is very different, as befits two different stages in membrane solubilization: Stage I [18] , or insertion of detergent monomers, is shown in Fig.  5 , while stage II, micelle formation and onset of solubilization, is shown in Fig. 8 . At variance with most of the detergents used in biomembrane studies, short-chain ceramides do not achieve complete bilayer solubilization (Fig. 8) , even at ceramide:phospholipid mole ratios of 5:1 (data not shown). For egg phosphatidylcholine bilayers, the detergent:phospholipid mole ratio producing full solubilization is of c 2-3:1 for most, if not all, the biochemically used surfactants [35] . However, under our conditions, lipid concentration was 100 AM (about the lowest that allows reliable solubilization assays using the lipid phosphorous method) and, as mentioned above, 100 AM is also the concentration above which Cer2 and Cer6 start precipitating. Thus, in this system, the available ceramide never exceeds 100 AM, and ceramide:phospholipid ratio is at most 1:1, a ratio that allows only partial solubilization (Fig. 8) . This low solubility of Cer2 and Cer6 may also explain that the proportion of solubilized Rh-PE monolayers by 10 and 50 AM ceramide is the same (Fig. 7) . Note that the centrifugation data in Fig. 8 , by themselves, could also be compatible with a ceramide-induced formation of small unilamellar vesicles containing phospholipid and ceramide, that would not sediment under our centrifugation conditions, even in the absence of true MLV solubilization. However the results in Fig. 7 would not support this interpretation.
Concluding remarks
Short-and long-chain ceramides represent an interesting family of molecules, with the same chemical groupings, but widely different physical properties derived from the different N-acyl lengths. The different lengths lead, in turn, to a different hydrophile-lipophile balance, and probably to a different molecular shape, thus to a different behaviour both in aqueous media and in phospholipid environments, as described in this paper. These observations bear physiological relevance, firstly because both short-and long-chain ceramides appear to exist in cells, although the significance of this remains hitherto unexplored, and also because in experimental cell physiology, short-chain (bsolubleQ) ceramides are used for convenience when the physiological effects of the more abundant long-chain ceramides are to be mimicked. In such experiments, the difference in physical properties pointed out in the present paper should not be overlooked.
